he oceans encompass habitats ranging from highly productive coastal regions to lightless, high-pressure, and low-temperature deep-sea environments. The benthic (bottom-living) species that reside within the sediments in these habitats form one of the richest species pools in the oceans and perhaps on Earth. Even though 70.8% of the earth is covered by oceans, and most ocean floor is covered by sediments, there is still much to learn about biodiversity in marine sediments. The major reasons for the gaps in knowledge are logistics and effort. Approximately 65.5% of the planet is covered by ocean that is greater than 130 m in depth (i.e., the approximate depth limit of the continental shelf) and is accessible only by submersibles or remote-sampling gear. Even the remaining shallow areas (i.e., approximately 5% of the earth's surface) present challenges in terms of ship availability and cost, as well as loss of experiments and ship time to weather. Despite these logistical difficulties, it is important to improve our understanding of biodiversity in marine sediments. In this article, I describe the biodiversity of organisms residing in the marine sedimentary environment, the patterns that have been observed, why these pat- Estimates of total species numbers suggest that less than 1 % of marine benthic species are presently known terns are thought to exist, and why we should care. Further discussions of marine biodiversity (NRC 1995), and biodiversity in marine sediments in particular (Snelgrove et al. 1997), may be found elsewhere.
Estimates of total species numbers suggest that less than 1 % of marine benthic species are presently known terns are thought to exist, and why we should care. Further discussions of marine biodiversity (NRC 1995), and biodiversity in marine sediments in particular (Snelgrove et al. 1997 ), may be found elsewhere.
The oceans harbor tremendous biological diversity. Of the 29 nonsymbiont animal phyla that have been described so far, all but one has living representatives in the ocean, and 13 are represented only in the oceans; all of these phyla have representatives in the benthos, and most have representatives in marine sediments. Most of the species diversity in marine ecosystems consists of invertebrates residing in (infauna) and on (epifauna) sediments. These invertebrates include large animals (megafauna), such as scallops and crabs, that can be identified from bottom photographs. However, most species are polychaetes, crustaceans, mollusks (macrofauna, larger than 300 gim), and tiny crustaceans and nematodes (meiofauna, 44-300 gim). In addition, there are the poorly known microbiota (smaller than 44 ,um), which include bacteria and protists.
Living in marine sediments
Organisms that live in marine sediments face numerous challenges. Except in the shallowest areas, where there is sufficient light to allow photosynthesis at the bottom, most sedimentary organisms are dependent on phytoplankton and other organic material sinking down from surface waters above. The spatial decoupling of production from most marine benthic environments makes these environments fundamentally different from those of terrestrial (Wall and Moore 1999) and freshwater (Covich et al. 1999) benthos. With increasing water depth, the amount of material reaching the bottom decreases; most deep-sea sedimentary environments are thought to be food limited.
To take advantage of whatever food is present, some organisms (suspension feeders) are able to remove suspended particles from near-bottom water; others (deposit feeders) rely on particles that have settled onto the bottom. Some mega-and macrofaunal species suspension feed, many deposit feed, and a few macrofaunal species do both. Meiofauna and microbiota depend on deposited organic material. The mobility of many benthic organisms is relatively limited; many are sessile, and others have only limited mobility within sediments. As a result, many benthic species rely completely on the water above them to supply food.
Water also supplies oxygen, a basic requirement for most organisms residing in sediments. As organisms respire and use up oxygen, sediments can quickly become anoxic (particularly where large amounts of organic matter sink from surface waters) and therefore inhospitable for the majority of species (e.g., Rhoads et al. 1978) . Macrofauna move through, or move, the sediment as they feed; this bioturbation enhances movement of water between sediment grains and increases sediment oxygenation (Rhoads 1974 Moreover, biologists are even beginning to discover problems with identification of species that they thought they knew. For example, the blue mussel, Mytilus edulis, which was previously thought to occur broadly across the North Atlantic, is now known to be three overlapping species (McDonald et al. 1991) . At least two of these species differ in physiology and contaminant uptake (Lobel et al. 1990 ). Given that this "species" has been the focus of an international study on pollutant uptake, this shortcoming in species delineation is serious. The pollution indicator Capitella "capitata" has also been shown to be a species complex, whose members have markedly different reproductive strategies (Grassle and Grassle 1976). Similar taxonomic problems are emerging for many other marine species (see Knowlton 1993), and any hope for broad understanding and predictive capability in marine systems rests on the resolution of such problems.
The understanding of patterns of marine diversity changed substantially in the late 1960s with a landmark study (Sanders 1968 
Maintenance of shallow-water diversity
Distribution patterns of individual species of shallow-water sedimentary fauna are determined largely by temperature, salinity, depth, surface productivity, and sediment dynamics over broad scales and by biological interactions, sediment geochemistry, and near-bed flow processes at finer scales. Particularly over broad scales, geologic history plays a major role in patterns of distribution (Jablonski and Sepkowski 1996), although I will focus on ecological rather than evolutionary scales. The dependence on temperature, salinity, and depth are easily understood in terms of physiological constraints; many species have specific tolerances to temperature, salinity, and pressure that have to do with osmotic balance and enzyme function. These physiological constraints contribute to the reduced diversity of estuaries and other highly variable, and thus physically challenging, environments. Given that many organisms derive their nutrition from sedimentassociated food particles, higher diversity in sediments of diverse grain size might also be predicted (Whitlatch 1977). Many species have a complex relationship with the sedimentary environment. Generally speaking, suspension feeders tend to be most abundant in high-energy environments, and deposit feeders are most abundant in depositional areas with fine-grained, muddy sediments. But contrasting these environments in terms of how they determine infaunal pattern is complex because many important variables vary with flow regime (Snelgrove and Butman 1994). High-energy environments are typically sandy, with strong bottom flows and horizontal flux of food and perhaps settling larvae. Sediment grain size is large, and organic content and microbial content tend to be low. High energy produced by waves and strong currents moves sediments and some organisms. Low-energy environments are often muddy, with weak flows and low horizontal but greater vertical flux of food, fine sediments, and (potentially) larvae.
By mechanisms that are not yet fully understood, these flow-, nutrition-, and substrate-related variables contribute to patterns in species distributions that are fairly consistent in time and space. The challenge is to determine which mechanisms are most important in creating and maintaining pattern. Understanding how patterns in individual species are maintained is a key prerequisite to understanding biodiversity patterns, and some of the advances made in this area are reviewed below.
Most of what is known about shallow-water diversity has been learned from experiments designed to determine the impacts of individual species on other species or from observational data. Among the most relevant of these experiments for understanding regulation of diversity are those that test the impacts of predators on individual species and those that examine the importance of competition in soft-sediment systems. Indeed, experimental approaches in soft-sediment systems have been Eggs and sperm are spawned into the water column, where some successful fertilizations will occur but many eggs and sperm will be lost. The successfully fertilized eggs become small swimming larvae that suffer heavy losses as a result of transport away from suitable habitat, predation, starvation from lack of appropriate food, and exposure to temperatures or salinities beyond their physiological tolerance. As developing larvae settle toward the bottom, they may encounter hypoxic sediments or predation from suspension-feeding bivalves. Even after the larvae settle and metamorphose into small juveniles, heavy loss is incurred (shown in boxes) because of predators, physical disturbance, low oxygen, insufficient food, unsuitability of sediment, and disturbance by deposit feeders moving through the sediment. Once they have grown past the juvenile stage, mortality is greatly reduced.
heavily influenced by studies of rocky intertidal areas, which have demonstrated the critical importance of keystone predators in maintaining diversity and community structure (Paine 1966 ). Data from the majority of studies in soft-sediment systems (reviewed by Peterson 1979) suggest that interspecific competition is probably not a major structuring force in sedimentary communities but that predation can be important. In reviewing predator exclusion experiments, Peterson (1979) found that species richness in sediments tended to increase when predators were excluded. He also found that species richness in seagrass beds exceeded that in ambient sediments, perhaps because of the predator refuge that seagrasses provide.
Numerous studies of changes resulting from foraging predators suggest that foragers have major impacts on densities of dominant taxa but little effect on the relative abundances of species (e.g., VanBlaricom 1982). But predation effects are not limited to foraging species and their impacts on adult infauna. Indeed, Another factor that may play a major role in establishing pattern is larval supply (Figure 1 ). Many benthic invertebrates produce planktonic larvae that, depending on the taxon, spend hours to months in the plankton before taking up a benthic existence. A major question in marine ecology is how these planktonic larvae, which are often poor swimmers, are able to settle in a suitable habitat. Small-scale laboratory experiments that began in the 1920s suggested that larvae have some capacity to choose among sediment types, perhaps based on organic content. But the scales over which habiBioScience Vol. 49 No. 2 Taxon tat selection behavior may be important are limited, given the relatively weak swimming ability of many larvae. Consequently, these small-scale stillwater experiments may have limited application to nature (Butman 1987).
One approach to resolving the importance of habitat selection is to study larval settlement in a laboratory flume. A flume is a recirculating seawater channel that is designed to mimic natural bottom flow but that allows confounding variables such as predators and food supply to be controlled. Over the past few years, several studies of larval settlement have found that species with welldefined distributions with respect to sediment type are also capable of choosing one type of sediment over another as they settle, even in moving water (Table 2 ). The specific sediment cue to which settling larvae respond is unclear, but organic content is a good candidate for at least some species (Butman et al. 1988) . In any case, these results suggest that habitat selection probably plays an important role in shallow-water pattern, although passive transport also regulates delivery of larvae to specific areas (see Butman 1987). How larval ecology relates to maintenance of assemblages and biodiversity remains to be seen.
In summary, studies from shallow-water environments offer insights into how distributions of individual species are established and maintained, but they have less to say about biodiversity patterns. Existing data suggest that rocky intertidal paradigms may not be applicable to soft-sediment systems and that additional experimental work will be needed to evaluate critically the factors that regulate biodiversity.
Maintenance of deep-sea diversity
Biodiversity in deep-sea ecosystems has generated much interest (e.g., May 1992), in part because of evidence suggesting that they are species rich (Grassle and Maciolek 1992). Why the deep sea is so diverse is a subject of some debate. found to elicit different colonization responses for different species (Figure 2) , depending on the type of organic matter (Snelgrove et al. 1992 ), its state of decomposition, and the duration of deployment (Snelgrove et al. 1996) . Thus, smallscale patchiness may enhance deepsea diversity. However, it is important to note that the numbers of species that respond to these types of disturbance are relatively few, and existing data support this mechanism for only a small subset of deepsea species. It is possible that appropriate patch types have not been identified for other species, but it is also likely that factors such as productivity and evolutionary history come into play in determining biodiversity patterns.
Conflicting patterns from different data sets must be resolved to establish any comprehensive paradigm explaining the rich diversity of the deep sea. What is needed is more complete sampling on a global scale, studies that include a broader range of taxa (e.g., macrofauna and meiofauna) within the same study area, and experimental efforts that reveal the most relevant time and spatial sampling scales to document response to different patch types. Pollutant metabolism and burial. Just as pollutants have a tremendous impact on soft-sediment benthos, these fauna also affect pollutant concentration and distribution. By pelletizing sediment as feces or stabilizing them through mucous excretion, organisms within the sediment can increase or decrease the likelihood of sediment-bound pollutants being resuspended and transported elsewhere. Vertical mixing by sedimentary macrofauna can also increase or decrease the likelihood of burial, depending on whether animals feed at the surface or at depth (Gallagher and Keay 1998). If pollutants are bound to organic particles, then feeding activity may lead to their removal through incorporation into tissue; as a result, concentrations in the water column are reduced but the likelihood of transfer to higher trophic levels is increased if predators such as fish consume contaminated benthos. Microbes play a key role in the metabolic breakdown of pollutants and are consequently used in many waste treatment facilities. Because meiofauna play an important role in lower food webs, they also influence the fate of pollutants.
Why worry about marine
Filtration. Marine sedimentary habitats contribute to water clarity and health in several ways. Transition zones, such as marshes, seagrass beds, and mangroves act as sediment traps and stabilizers and buffer nutrient loading into the open ocean. Suspension feeders can have a major effect on water clarity through their filtering activity; the reduction of oysters in Chesapeake Bay through overfishing, disease, and sedimentation has lowered filtering capacity and reduced water clarity (Newell 1988 ). The reverse problem has occurred in San Francisco Bay, where the introduced suspension-feeding Chinese clam, Potamocorbula amurensis, has attained sufficient densities to effectively strip the water of phytoplankton and eliminate natural seasonal blooms (Alpine and Cloern 1992). Thus, sedimentary communities contribute to ecosystem health not only within sediments but also in the water column above. Sediment stability and transport. Sediment erosion and cohesion de-pend strongly on resident animals and microbes. Reworking by deposit feeders can substantially increase water content and erodibility (Rhoads 1974) , and diatom films and mucus excretion can bind sediments and reduce erodibility. Physical structures, such as seagrasses, salt marshes, and mangroves also reduce erosion by trapping sediments. Thus, coastal zone communities can directly affect human environments by influencing coastal erosion (implications for land use) and deposition (implications for dredging of waterways).
An obvious question is whether marine sedimentary ecosystems can sustain loss of biological and genetic diversity and still provide the same sorts of ecosystem services that they have provided historically. The answer is yes and no. There are probably species that can be lost from some ecosystems without substantial alteration of system function. Two species often overlap in the way in which they feed, mix sediments, and decompose material (e.g., Whitlatch 1980). However, they probably do not carry out these activities in exactly the same way, and the functional significance of these differences probably depends on the species and ecosystem in question. In addition, there are some species whose loss will undoubtedly have serious direct or indirect consequences. The problem is that it is rarely known whether a given species or group of species is "critical," making reduction of biodiversity a dangerous practice with potentially dire consequences.
Threats to marine sedimentary biodiversity
Although documented marine extinctions are rare, there is good reason to be concerned that marine biodiversity may be threatened. Because our knowledge of marine systems is so poor, it is likely that species are being lost without our knowing it. Although the lack of dispersal barriers in many marine areas might seem to reduce the odds of extinctions, I have already mentioned that species previously regarded as "cosmopolitan" may actually be species complexes (e.g., Grassle and Grassle 1976). In such cases, elimination of species Effects of trawling on sedimentary fauna ishing gear that is dragged across the bottom has destructive impacts on sedimentary fauna both directly and indirectly. The photos (from Auster 1998 and used with permission of Conservation Biology) show an area of the Gulf of Maine ocean bottom before and after a single pass with a scallop dredge. The pretrawled photograph (top) shows a complex bottom with polychaete tubes, sponges, and other forms of life. Structures of this sort also create habitat for other species. After the trawl has been dragged across the bottom, this complex habitat is obliterated, resulting in loss of habitat for animals that live within the structure (e.g., small crustacea and fish), destruction of the fauna that creates the structure (polychaetes and sponges), and exposure, injury, or death of animals living within the sediment. These effects will likely influence all of the ecosystem services that benthic organisms provide. . 1999) . Coastal eutrophication has also been linked to "red tides" that lead to paralytic shellfish poisoning in humans who ingest affected bivalves. Toxic compounds can be lethal to benthic organisms or may lead to reduced disease resistance or reproductive potential. Benthic organisms that are consumed by humans may also concentrate toxins (e.g., Lobel et al. 1990 ) that render them unfit for consumption. All of these disturbances reduce diversity and create a fauna of a few species that may be aesthetically undesirable and may not carry out ecosystem functioning the way a more diverse community would.
Physical alteration of habitat is a frequent result of agriculture and deforestation because increased sedimentation alters coastal sediment composition and thus the sedimentary biota (Smith and Kukert 1996) . Beach replenishment, harbor dredging, and disposal of dredged sediments all have similar effects. The damming of estuaries can lead to changes in estuarine salinity gradients, sedimentation patterns, and biology. Perhaps the most damaging human alteration of marine sedimentary habitat is the filling of coastal wetlands. Saltmarshes, seagrass beds, and mangroves provide important ecosystem services, yet they have all suffered tremendous areal loss from coastal development.
Although oceans are interconnected, the presence of land masses, deep ocean, and differences in water temperature have created natural dispersal barriers and have thus allowed markedly different faunas to evolve in different areas of the world. Human activity is now wreaking havoc with these patterns. The greatest culprits are ship ballast water and ship hulls, which transport living adults and reproductive propagules to nonnative habitats (e.g., Carlton 1985). Another mechanism of introduction is the accidental release of animals or their parasites after importation for aquaculture or scientific study. In many cases, exotic species explode in numbers and dominate to the detriment of native species, which may shrink in distribution or disappear from affected areas.
Given that temperature is a key delimiter of benthic distribution, it is likely that sedimentary faunal shifts have occurred, or will occur, as a result of global warming. Ultimately, global warming will compress or eliminate habitats as the fauna are shifted. A similar effect may be anticipated from rising sea levels as polar icecaps are reduced. Another concern is that global warming may change ocean circulation (Manabe et al. 1994 ), thus affecting productivity, larval and sediment transport, and ultimately the sedimentary community. Finally, ultraviolet radiation increases associated with ozone depletion could have direct impacts on shallow-water fauna and on the eggs and microplankton of organisms living in deeper water.
What do scientists need to do?
Given the present level of knowledge on biodiversity in marine sediments and how it influences ecological processes, what are the next steps that marine scientists should take if biodiversity is to be preserved? * Study processes and linkages in marine systems with respect to biodiversity and ecosystem functioning. Although many scientists believe that there is a relationship between biodiversity and how ecosystems operate, the lack of mechanistic detail in the examples cited above illustrates the need for specific and welldocumented marine examples. In particular, studies that make these linkages in economically valuable marine systems are likely to have the greatest impact on legislation and conservation. * Recognize and promote taxonomy as an important scientific activity. Trying to document biodiversity pattern and stemming its loss will be impossible if retiring taxonomists are not replaced and more taxonomists are not trained. * Promote the concept of marine reserves, not only for areas deemed to be ecologically unique but also for areas that are representative of broader regions. These areas could be either partially restricted or completely closed to outside activities, as long as they achieve the critical need of providing natural ecosystem processes and preserving biodiversity. Scientists must provide the best possible information to identify areas that will provide the most important refuges, not only in terms of resident species but also for their capacity to enhance adjacent, nonprotected areas. * Scientists who have direct input on fisheries decisions should recommend quotas that are sufficiently conservative to ensure that any uncertainties in the models used to determine catch quotas cannot result in overfishing in the worst-case scenarios. Recommendations on fishing gear should also consider, as a guiding principle, reducing bycatch, and subsidies to an overcapitalized fishing industry should be discouraged. * Every effort should be made to communicate to the general public the threats posed to marine sedimentary environments by destructive fishing practices, introduction of exotic species, pollution, destruction of natural coastline, and global climate change.
Because 1998 was the United Nations International Year of the Ocean, the timing is perfect for marine scientists to voice opinions and to communicate new findings on biodiversity in marine sediments. That designation for 1998 has helped to focus attention on oceans at a time when attention and changed percep-tions are needed. Research on ecosystem operation and biodiversity is likely to result in exciting and farreaching discoveries for sedimentary ecosystems. With some luck, it may be possible to change the tide of public perception of the oceans as an inexhaustible food resource and an environment too large and remote to be affected by the expanding sphere of human impact. Perhaps they will be seen instead as a vast storehouse for biodiversity that provides key ecosystem services. 
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